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03 ! ABSTRACT 

We report on observations of the Galactic supernova remnant (SNR) G299.2— 2.9 with the Chandra 
X-Ray Observatory. The high resolution images with Chandra resolve the X-ray-bright knots, shell, 
and diffuse emission extending beyond the bright shell. Interior to the X-ray shell is faint diffuse 
emission occupying the central regions of the SNR. Spatially-resolved spectroscopy indicates a large 
CS| . foreground absorption (Ah ~ 3.5 x 10 21 cm -2 ), which supports a relatively distant location (d ~ 5 

kpc) for the SNR. The blast wave is encountering a highly inhomogeneous ambient medium with the 
densities ranging over more than an order of magnitude (no ~ 0.1 — 4 cm -3 ). Assuming the distance 
. of d ~ 5 kpc, we derive a Sedov age of r ~ 4500 yr and an explosion energy of Eq ~ 1.6 x 10 50 

ergs. The ambient density structure and the overall morphology suggest that G299.2— 2.9 may be 
[ — . \ a limb-brightened partial shell extending to ^7 pc radius surrounded by fainter emission extending 

beyond that to a radius of ~9 pc. This suggests the SNR exploded in a region of space where there 
is a density gradient whose direction lies roughly along the line of sight. The faint central region 
shows strong line emission from heavy elements of Si and Fe, which is caused by the presence of the 
^ overabundant stellar ejecta there. We find no evidence for stellar ejecta enriched in light elements of 

O and Ne. The observed abundance structure of the metal-rich ejecta supports a Type la origin for 
G299. 2-2.9. 

Subject headings: ISM: individual (G299.2— 2.9) — supernova remnants — X-rays: ISM 



1. INTRODUCTION 

High angular resolution imaging spectroscopy with 
the Chandra X-Ray Observatory has revolutionized the 
study of supernova remnants (SNRs) (e.g., Weisskopf 
&: Hughes 2005 for a recent review); spatially-resolved 
spectral analysis with arcsecond-scale resolution imag- 
ing provides a powerful tool to reveal a number of new 
and detailed structures in the SNRs. We continue such 
an X-ray study of SNRs with the Chandra observation of 
SNR G299.2-2.9. 

The Galactic SNR G299.2-2.9 is one of the handful 
number of SNRs that were discovered in X-rays with 
the ROSAT all sky survey (Busser et al. 1995). The 
X-ray morphology reported with the previous X-ray 
detectors on board Einstein, ROSAT, and ASCA ap- 
peared to be "centrally-enhanced" with a partial shell- 
like structure (Busser et al. 1995; Slane et al. 1996; 
Bai & Wang 2000). The X-ray spectrum was dom- 
inated by thermal emission without evidence for 



nonthermal synchrotron emission from the embed- 
ded pulsar wind nebula (PWN) at the SNR center 
(Bai & Wang 2000). A thermal composite SNR was thus 
suggested for G299.2— 2.9, with centrally-enhanced X-ray 
emission produced by thermal evaporation of cloudlets 
(White & Long 1991). Although there were some con- 
troversial interpretations of the SNR dynamics (young 
and nearby vs. middle-aged and distant) with the 
early ROSAT PSPC data (Busser et al. 1996), subse- 
quent works found that a model assuming a middle-age 
(r ~ 6600 yr) SNR at a distance of d ~ 5 kpc self- 
consistently produces the observed X-ray and IR fluxes 
(Slane et al. 1996). The results from spectral analysis 
with ASCA data also supported the interpretation of a 
Sedov phase SNR at d ~ 5 kpc (Bai & Wang 2000). 

With the relatively small angular size of the SNR 
(~15' diameter, Busser et al. 1996) and the poor an- 
gular resolution of the data used by the previous au- 
thors, the true morphology of G299.2— 2.9 could not be 
resolved. The ASCA data allowed only the analysis of 
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that unpublished archival ROSATURl image shows that 
G299.2— 2.9 is in fact shell-type with bright enhance- 
ments in the northeastern portion of the shell (§ 3), which 
most likely caused the morphological confusion by pre- 
vious authors (shell-type vs. centrally-enhanced). How- 
ever, no spectral information is available with the HRI 
data. Spatially-resolved spectroscopy with high resolu- 
tion imaging is essential to unveil the true nature of the 
SNR. Here we present the results from the Chandra ob- 
servation of SNR G299.2-2.9. We describe our Chandra 
observation and the data reduction in § 2. Results from 
the imaging and the spectral analyses are presented in 
§ 3 and § 4, respectively. We discuss the interpretations 
in § 5, and summarize the conclusions in § 6. 

2. OBSERVATION & DATA REDUCTION 

We observed G299. 2-2.9 with the Advanced CCD 
Imaging Spectrometer (ACIS) (Garmire et al. 2003) on 
board Chandra on 2005 April 9 as part of the Chandra 
Guaranteed Time Observation program. In order to fo- 
cus on the detailed study of the complex, bright, soft 
X-ray structure in the northeastern parts of the SNR, 
we used the ACIS-S3 as the primary detector by point- 
ing at the brightest X-ray knot in the northeast. A large 
portion of the SNR was thus placed on the S3 chip to pro- 
vide the highest available response at low energies, where 
the characterization of emission from O-K and Fe-L lines 
is particularly important for the SNR studies. Consid- 
ering the angular size of ~15' for G299.2— 2.9, we also 
turned on other CCDs to cover the SNR as much as pos- 
sible beyond the S3 chip boundary. As we show in Fig. 1, 
portions of the SNR extend onto adjacent CCDs, provid- 
ing nearly full coverage of the SNR. No severe variability 
was found in the background light curve. We corrected 
the spatial and spectral degradation of the ACIS data 
caused by radiation damage, known as the charge trans- 
fer inefficiency (CTI; Townsley et al. 2000), with the 
methods developed by Townsley et al. (2002a), before 
further standard data screening by status, grade, and 
energy selections. "Flaring" pixels were removed and 
ASCA grades (02346) were selected. After the data re- 
duction, the effective exposure is 29.6 ks. The overall 
SNR spectrum is soft and there are few source photons 
above E ~ 3 keV. At very low energies (E <^ 0.4 keV), 
the source flux is negligible because of the foreground ab- 
sorption, and X-ray emission is mostly dominated by the 
detector background. Thus, photons between 0.4 and 3.0 
keV are extracted for the data analysis. 

3. X-RAY MORPHOLOGY 

The "X-ray-color" Chandra ACIS image of G299.2-2.9 
is presented in Fig. 1. Our primary detector is the ACIS- 
S3 with the pointing roughly at the brightest X-ray knot 
in the northeastern part of the X-ray shell, and thus the 
SNR is for the most part detected on the ACIS-S3. Por- 
tions of the southern and the western boundaries are also 
detected on the ACIS-I3 and S4 chips. The 13 data are 
particularly useful by clearly imaging the bright south- 
ern shell and diffuse emission extending beyond the shell, 
which is similar to the features in the northern side of the 
SNR. 

Fig. 1 shows that the overall morphology of the SNR 
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of G299.2-2.9 (Fig. 2). The brightness distribution of 
the ROSATURl image is dominated by a bright, almost 
complete shell, beyond which more diffuse emission ex- 
tends to fairly large distances, in particular in the north- 
east. In the center of the image a low brightness patch of 
diffuse emission stands up above the general SNR back- 
ground emission. Our Chandra image shows that the 
X-ray shell is generally soft (red to yellow in Fig. 1), 
and reveals complex structures such as multiple and/or 
broken shells, particularly in the eastern and northern 
sides. In general, these relatively bright, soft shell fea- 
tures appear to make a nearly complete circumferential 
shell around the SNR with an angular extent of ~10' in 
the east-west and ~9'3 in the north-south direction. The 
brightest X-ray feature in the northeastern shell of the 
SNR is resolved into two small knots (~20"— 40" angu- 
lar sizes) and surrounding extended features (~1' sizes) 
(Fig. 3). These knots are located at the "connecting" 
or "overlapping" position of multiple shells. This mor- 
phology suggests that these bright knots may represent 
dense interstellar medium (ISM) along the path of the 
blast wave, rather than metal-rich stellar ejecta. The 
forward shock appears to be interacting with and wrap- 
ping around these dense, small ISM clouds. The pe- 
culiar morphology of the two bright knots surrounded 
by shock fronts probably suggests that the small clouds 
might have also been crushed by the interacting strong 
shock, as proposed for a similar structure seen in Puppis 
A SNR (Hwang et al. 2005). 

Faint diffuse emission extends beyond the bright shell 
and appears to extend almost all around the SNR, partic- 
ularly in the northern and southern portions of the SNR 
(Fig. 1). The angular distance between the northern and 
the southern boundaries of diffuse extended emission is 
~I3'. These faint emission features are also spectrally 
soft and, for the most part, appear to make the outer 
boundary of the SNR. We note that both the bright 
X-ray shell and faint diffuse emission extending beyond 
the shell appear to be nearly complete around the entire 
SNR. This overall morphology suggests that the blast 
wave is likely expanding into an inhomogencous ISM, 
making two distinctive, large-scale forward shock fronts. 

We detect faint diffuse emission in the central re- 
gion of the SNR (Fig. 1). This central emission fea- 
ture is enhanced in the Fe-L and Si-K lines (§ 4), which 
show a central nebulosity (Fig. 4). The Chandra im- 
age suggests that the faint central emission feature has 
an angular size of ^4'. Because of the low surface 
brightness and the partial coverage with the ACIS, how- 
ever, it is difficult to accurately estimate the angular 
size of this central feature. We note that this cen- 
tral feature is reminiscent of the metal-rich ejecta neb- 
ula discovered in some middle-aged SNRs in the Mag- 
ellanic Clouds (Hughes et al. 2003; Park et al. 2003a; 
Park et al. 2003b). Indeed, our spectral analysis of the 
SNR indicates the presence of overabundant heavy ele- 
ments in the central nebula of G299.2-2.9 (§ 4). 

4. SPECTRAL ANALYSIS 

Spectral studies with Chandra have revealed that X- 
ray emission from SNRs is rarely described by a simple 
spectrum such as a single-temperature thermal plasma 
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SNRs typically originates from multiple-temperature 
plasmas in various ionization stages caused by noncqui- 
librium conditions in blast wave shocks propagating into 
an ambient medium with a wide range of interstellar den- 
sity. X-ray emission from shocked, metal-rich ejecta is 
often detected with modern X-ray telescopes, in middle- 
aged SNRs as well as in young SNRs. Spatially-resolved 
spectral analysis from small regions within an SNR, 
rather than analysis of the overall integrated spectrum, is 
thus essential for the proper study of SNRs. We extract 
a number of regional spectra from G299.2— 2.9 utilizing 
our ACIS data. There are ~30 faint detected pointlikc 
sources in the ACIS field of view. These point sources 
have been removed before extracting regional spectra. 
Depending on regional X-ray intensities and morpholo- 
gies, we selected regions with angular sizes from ~20" up 
to a few arcminutes. We choose our regions to provide 
^3000 or more counts in each spectrum in order to place 
reasonable constraints on the fitted spectral parameters. 
We mark the representative regions of our spectral anal- 
ysis in Fig. 5. 

The background spectrum is estimated from source- 
free regions outside of the SNR's northern (for regions 
on the S3 chip) and southern (for regions on the 13 
chip) boundaries. Each regional source spectrum has 
been binned to contain a minimum of 20 counts per 
channel. For the spectral analysis of our CTI-corrected 
data, we use the response matrices appropriate for the 
spectral redistribution of the CCD, as generated by 
Townsley et al. (2002b). The CIAO caldb version 
3.21 is used for the data processing. We use a non- 
equilibrium ionization (NEI) plane-parallel shock model 
(Borkowski ct al. 2001) (vpshock in conjunction with 
the NEI version 2.0 in the XSPEC) which is based on 
ATDMDB (Smith et al. 2001). We use an updated version 
of this atomic database to include inner-shell processes 
that are missing in the current XSPEC NEI version 2.0 1 . 
The contribution of line emission from elements He, C, N, 
Ca, Ar, and Ni is insignificant in the fitted energy range 
(E = 0.4—3.0 keV); thus we fix the abundances of these 
elements at the solar values (Anders & Grevesse 1989) 
(hereafter, elemental abundances are with respect to the 
solar). Abundances of other species (O, Ne, Mg, Si, S, 
and Fe) are varied freely in the fits (S abundance was 
occasionally fixed at 1 in cases where photon statistics 
are low at E ~ 2-3 keV). 

X-ray spectra from regions along the bright shell, and 
from diffuse emission beyond the shell, show characteris- 
tics consistent with emission from shock-heated ISM; on 
average, the thermal plasma has an electron temperature 
kT ~ 0.55 keV and ionization timescale n c t ~ 4.5 x 10 11 
cm~ 3 s (Fig. 6 and Table 1; errors are 90% confidence 
level, hereafter, unless noted otherwise.). The best-fit 
metal abundances are ~0.5— 0.7 for individual regions, 
which are marginally constrained within a factor of ~2. 
The average values of abundances from these regions are 
O = 0.63±0.28, Ne = 0.65±0.22, Mg = 0.54±0.19, Si 
= 0.67±0.27, and Fc = 0.66±0.28 {la errors for average 
values) . 

The absorbing column density (Ah) ranges from ~2 to 
~5 x 10 21 cm~ 2 (Table 1). The extremely low column 

1 The unDublishcd version of the UDdatcd model has been pro- 



of A H ~ 10 20 cm" 2 suggested by earlier ROSAT data 
cannot fit the Chandra data, and is firmly rejected. Be- 
cause of large statistical uncertainties (e.g., the estimated 
errors in Table 1 are typically ^20—30 % after fixing ele- 
mental abundances at the best-fit values), it is not clear 
whether the Ah variation is the true extinction variation 
across the SNR or statistical/systematic artifacts of the 
spectral fitting. For simplicity, we consider the average 
Ah ~ 3.5 x 10 21 cm~ 2 in the following discussion. (We 
confirm that spectral fits with Ah fixed at this average 
value would not change the results with the quality of 
the current data.) 

In contrast to the spectra from peripheral regions, faint 
emission from the central region reveals strong line fea- 
tures primarily from K-shell transitions in highly-ionized 
He-like Si (E ~ 1.85 keV) and L-shell transitions in low- 
ionization-state Fe (E ~ 0.8 - 1 keV) (Fig. 7). The S-K 
line also appears to be enhanced. The spectral analysis 
shows strongly overabundant Si, S, and Fe for the central 
region, which indicates the presence of metal-rich ejecta 
material produced in the core of the progenitor star. In 
the spectral fitting of the center region, we added an 
additional plane shock component in order to account 
for the projected contribution from the swept-up ISM in 
the observed spectrum. Spectral parameters for the un- 
derlying ISM component are fixed at the average values 
derived from our regional spectral analysis of the cir- 
cumferential area (i.e., kT = 0.55 keV, n c t = 4.5 x 10 11 
cm" 3 s, O = 0.63, Ne = 0.65, Mg = 0.54, Si = 0.67, Fe = 
0.66). The Ah was fitted, but tied in common between 
the ejecta and the ISM components. The best-fit Ah 
~ 3.7 x 10 21 cm -2 is in good agreement with the aver- 
age value obtained from other regional spectral analysis. 
Only the normalization of the ISM component is freely 
varied in the fit. Results from the spectral fit of the cen- 
tral region are presented in Table 2. We note that the fit 
is not particularly good from a statistical point of view 
(x 2 ~ 1.4). This is not surprising for fits to complex spec- 
tra from SNRs, especially those from ejecta-dominated 
emission. There are uncertainties in the currently avail- 
able atomic data as well as in detector calibration due 
to gain variation, particularly near the absorption edges 
and in the soft energy band (E <J 1 keV). In fact, the 

relatively high x 2 value is dominated by a single lowest 
energy bin (E ~ 0.5 keV) where the CCD calibration is 
less reliable. Detailed weak emission lines from the Fe- 
L complex are usually difficult to fit with low-resolution 
CCD spectra. The relatively large x 2 m the central re- 
gion spectral fit is most likely caused by these factors, 
which is beyond the usual goodness-of-fit criterion. On 
the other hand, the main spectral features of the broad 
Fe-L line emission feature and the strong Si and S lines 
are well-fit and provide robust measurements of spectral 
parameters and the abundances of key elements (O, Fe, 
and Si). 

5. DISCUSSION 

5.1. Blast Wave and Interstellar Environment 

We have no reliable distance estimate to G299.2— 2.9. 
There is no HI absorption distance measurement, which 
would be difficult anyway because of the faintness of the 
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as measured from the spectral fit of our Chandra data, 
TVh ~ 3.5 x 10 21 cm -2 , is about half of the total Galac- 
tic A^h in this direction (Dickey & Lockman 1990). This 
suggests that the SNR is neither very nearby (d < 1 kpc) 
nor extremely distant (d > 10 kpc). The line-of-sight in 
the direction of G299.2— 2.9 passes through the Carina- 
Sagittarius spiral arm twice: once at a distance of ^2 
kpc and then later at a distance of ~11 kpc. Assum- 
ing that the SNR is in the spiral arm or in the interarm 
region would be broadly consistent with the measured 
Nh distance constraint. Based on this limited amount 
of available independent data, we assign a plausible dis- 
tance range of d ~ 2—11 kpc to G299.2— 2.9. For con- 
creteness, we scale numerical values to d 5 = 5 ^ pc in the 
following discussion, while it should be noted that the 
distance is uncertain by probably a factor of <~2. 

X-ray spectra from around the shell show character- 
istics of hot thermal plasma from the shocked ambient 
ISM with normal composition. Various morphologies 
(e.g., the shell, filaments, knots and diffuse extended 
emission features with various surface brightness) then 
indicate that the blast wave is encountering highly inho- 
mogeneous ambient densities. In fact, the IRAS 100 /tm 
map shows a complex interstellar environment around 
G299. 2-2.9 (Fig. 8). The interaction of the shock with 
a variable density structure may also have caused the 
observed variation in the electron temperature and the 
ionization state across the SNR. The preshock density 
vs. electron temperature distribution from the regional 
spectra is largely anti-correlated (Fig. 9). In fact, the 
correlation coefficient for all 17 data points is —0.61, and 
is —0.82 if the three extreme cases (regions 3, 5, and 17) 
are excluded. These values of the correlation coefficient 
imply a significant anti-correlation between the density 
and electron temperature (at >99% C.L.). The preshock 
density hq from each region is derived from the best-fit 
volume emission measure EM (= n c nnV, where n c , nn, 
and V are the postshock electron density, the H density, 
and the emission volume assuming d — 5 kpc, respec- 
tively). In this estimate, we assumed n c = 1.2tih for 
a mean charge state with normal composition and nn 
= 4no for the strong shock. For the volume estimates, 
we assumed that the pathlengths through the regions 
along the line of sight are comparable with the physical 
sizes corresponding to the angular lengths of the regions 
at d = 5 kpc. The brightest knots in the northeastern 
part of the shell represent low temperatures of kT ~ 0.35 
keV with the shock front entering the densest ISM, n ~ 
(2— 4)/~2 cm -3 , where / is the volume filling factor of 
the X-ray emitting gas. Along the X-ray shell, except for 
the brightest northeastern knots, preshock densities of n 
~ (0.2— 0.5)/~2 cm~ 3 are implied. Faint diffuse emission 
in the northern, eastern, and southern boundaries indi- 
cates a high-temperature shock (kT ~ 0.7 keV) propa- 
gating into a lower density ISM (n <; 0.1/~ 5 cm -3 ). 
These results indicate that the blast wave of G299.2— 2.9 
is expanding into more than an order of magnitude den- 
sity gradient, including the densest small clouds in the 
northeastern side. We note that our density estimates 
are dependent on uncertainties involved in volume esti- 
mates. However, the volume effect is small (no oc V~?), 
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magnitude. 

The thin, bright filamentary emission features ap- 
pear to make up a nearly complete circumferential shell 
around the entire SNR. On the other hand, faint diffuse 
emission extending beyond the bright shell forms the out- 
ermost boundary of the SNR in the north/northeastern 
and southern sides. Faint diffuse emission may also 
form the outer boundary along the western side, as sug- 
gested by the ROSATHRl image (this region of the SNR 
was not covered by our Chandra observation). These 
two large-scale structures with the implied high and 
low densities suggest that the supernova might have ex- 
ploded near the boundary between two regions of dif- 
ferent ISM densities (on average, n <^ 0.1 cm~ 3 in 
one side and n ;> 0.3 cm~ 3 in the other side). Each 
"hemisphere" might then be expanding into the rela- 
tively higher and lower ambient densities with low and 
high velocities, respectively, producing the observed mor- 
phology when seen in superposition along the line of 
sight (Fig. 10). This particular morphological devel- 
opment has been demonstrated by hydrodynamic sim- 
ulations (Tenorio-Tagle et al. 1985). The Galactic SNR 
VRO 42.05.01 (G166.0+4.3) is believed to be a prototype 
of such a case with an edge-on orientation, which shows 
a peculiar two-partial shell morphology in the radio band 
(Pineault et al. 1987). The observed X-ray morphology 
of G299.9— 2.9 appears to be the face-on view of the ra- 
dio morphology of VRO 42.05.01. We note that, unlike 
G299.2— 2.9, the peculiar morphology of two half-shells 
of VRO 42.05.01 is present only in the radio band. In X- 
rays, VRO 42.05.01 shows an enhancement only near the 
center of the SNR (Burrows & Guo 1994; Guo & Burrows 
1997; Mori et al. in preparation). This is probably be- 
cause of the large difference in ages between G299.2— 2.9 
and VRO 42.05.01; the X-ray shells of the older SNR 
VRO 42.05.01 (t - 20000 yr) might have cooled and 
no longer produce significant X-rays, while the relatively 
young (t ~ 4500 yr, see below for the age estimate) 
G299.2— 2.9's shock is still in its hot adiabatic phase. The 
available archival data of G299.2— 2.9 from the radio ob- 
servations have only limited angular resolution of a few 
arcmins (e.g., Slane et al. 1996), and thus it is difficult 
to confirm whether the radio morphology of G299.2— 2.9 
also shows the same structure as seen in X-rays. Follow- 
up high resolution radio imaging observations should be 
helpful to reveal the nature of G299.2— 2.9. 

The angular sizes (~9f9 for the bright shell, ^12. '6 for 
the diffuse boundary, on average) imply physical sizes of 
~14.4 d 5 pc and ~18.4 d 5 pc for the bright shell and the 
diffuse outer boundary, respectively. These large sizes of 
G299. 2-2.9 suggest a Scdov phase for the SNR. Based 
on the Sedov solution, we calculate some SNR param- 
eters of G299.2— 2.9 for the two representative cases of 
the smaller bright shell and the larger faint rim. The 
derived SNR ages are r ~ 4700 d 5 yr and 4200 d b yr 
for the large faint rim and the small bright shell, respec- 
tively. These results are generally consistent between the 
two large-scale structures. The explosion energies are es- 
timated to be E <~ 1.6 x 10 50 c?| ergs for the large faint 

5 

rim and Eq ~ 1.7 x 10 50 df ergs for the small bright 
shell. These Eo values are also consistent between the 
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yr old middle-age SNR with an explosion energy of Eq 

5 

~ 1.6 x 10 50 d§ ergs. The total swept-up mass, M swept , 
i i 

is ~ ll/2d| M . The SNR parameters are summarized 
in Table 3. 

5.2. Metal-Rich Ejecta 

The central emission feature is faint, and appears to 
have an average radius of ~2', showing spectral charac- 
teristics entirely different from those of the circumfer- 
ential regions. The electron temperature is high (fcT ~ 
1.36 keV) with a low ionization timescale (n e t ~ 1.3 x 
10 10 cm~ 3 s). The strong line emission from the ele- 
mental species of Si, S, and Fe reveals enhancements in 
the abundances of those elements. These results indicate 
that the central region of G299.2— 2.9 is most likely the 
ejecta nebula, i.e., emission from low density metal- rich 
ejecta material heated by the reverse shock. Our spectral 
analysis indicates that the ejecta is enriched particularly 
in the heavy Si-group species produced in the deep core 
of the progenitor star. The detection of Si- and Fe-rich 
ejecta in the central region of the SNR is reminiscent 
of the Type la SNR DEM L71 in the Large Magellanic 
Cloud (Hughes et al. 2003). In analogy to DEM L71, we 
propose that G299.2-2.9 is a Type la SNR. 

To investigate this suggestion further, we compare the 
observed Si to Fe mass ratio with the standard Type Ia/II 
supernova nucleosynthesis models, estimating the mass 
ratio Msi/Mpe from the best-fit EM ratio of the center 
region. Based on the dominant ionization states of the Si 
and Fe implied by the observed spectrum, we assume that 
the electron densities associated with the Si and Fe ions 
are n e ,si ~ 12 ng; and n .F C ~ 18 n^e, for simple "pure" 
Si and Fe ejecta cases, respectively. For the dominant 
isotopes of 28 Si and 56 Fe, the measured Si and Fe abun- 
dances imply M si /M Fc = 0.52j:8;^(V S i/VFe)*- There- 
fore, if the Fe and Si occupy the same size volumes (Vfb 
= Vsi)> the mass ratio is Msi/Mp e ~ 0.52. In the case of 
DEM L71, Vsi is a thick shell extending only about half 
way to the center of the SNR, while Fe is present even 
at the center of the SNR. If we assume such a stratified 
ejecta structure for G299. 2-2.9, V si /V Fc is -0.88 and 
thus Msi/Mpe ~ 0.49. If Vsi corresponds to a thinner 
shell, Msi/Mpe becomes only smaller. These small Si to 
Fe mass ratios are in good agreement with Type la super- 
nova models (Nomoto et al. 1997b). For Type II cases, 
the Si to Fe mass ratio is typically large (~1 — 10, for 
progenitor masses of 18—70 M ) (Nomoto et al. 1997a). 
We note that, in the case of a complete spatial mixture of 
Si and Fe (i.e., n 0! si ~ n c ,Fc), Msi/Mp e becomes ~20% 
smaller. Such a case may be implied by the assumption 
of VF e = Vsi, but the actual n c ^si and n e ,Fe distributions 
may depend on the details of the geometrical structure 
of the ejecta material. Nonetheless, these details of the 
ejecta structure would not affect our general conclusions. 
We also note that the mixture of H in the metal-rich 
ejecta may not affect our mass ratio estimates, as long 
as the H mixture rates are comparable between the Fe 
and the Si ejecta. 

Although Msi/Mpo of <;0.5 may also be consistent 
with a Type II case for a relatively less massive progen- 
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a Type II origin. Unlike the case of the Si- and Fe-rich 
ejecta, we find no evidence of enhancements for the light 
species, O, Ne, and Mg. For instance, the fitted O abun- 
dance is negligible (<0.1), suggesting that the Fe to O 
abundance ratio is high (> 4). The Si to O abundance 
ratio is also high (> 3). These high Fe and Si abun- 
dances relative to the O abundance are consistent with 
Type la cases (~1— 5), while Fe/O and Si/O ratios are at 
least an order of magnitude lower for Type II supernovae 
(Nomoto et al. 1997a; Nomoto et al. 1997b). 

6. SUMMARY AND CONCLUSIONS 

We present results from the Chandra observation of the 
Galactic SNR G299.2— 2.9. High resolution images from 
the Chandra observation confirm a shell-type morphol- 
ogy for the SNR. In addition to the bright X-ray shell, 
we detect faint diffuse emission which extends beyond 
the shell to define the outer boundary nearly all around 
the SNR. Our spatially-resolved spectral analysis of the 
SNR indicates that the blast wave of G299. 2-2.9 is ex- 
panding into a highly inhomogeneous ISM with ambi- 
ent densities varying over more than an order of mag- 
nitude, including several small ISM clouds with densi- 
ties of ~2— 4 cm~ 3 that have been engulfed by the blast 
wave. Bright shell emission (excluding the clouds) orig- 
inates from shocked interstellar material with preshock 
densities of uq ~ 0.2—0.5 cm~ 3 . Faint extended emis- 
sion beyond the shell comes from a lower density medium 
(no <; 0.1 cm~ 3 ) also heated by the blast wave. These 
morphological and spectral characteristics suggest to us 
that the supernova exploded within a region with a large- 
scale gradient in ambient density, perhaps even near the 
boundary between two distinct density regions of the 
ISM. In this scenario, the blast wave will expand at a 
higher velocity into the lower density ISM than into the 
higher density, which will result in two "hemispheres" 
with different sizes that, if viewed from the side, might 
have a morphology that is schematically shown in Fig. 10. 
G299.2— 2.9 may represent a nearly face-on view of such 
a configuration. 

How do our derived ambient density values com- 
pare with expectations? The density of the interstel- 
lar medium is a strong function of z distance above the 
Galactic plane. Given the SNR's location 2.9° below 
the plane, its z distance varies from ^100 pc to ^500 
pc for distances between 2 and 10 kpc. In a recent re- 
view, Ferriere (2001) provides analytical relations for the 
z-height variation of various constituents of the ISM in 
the Milky Way. Using these relations we determine the 
expected ambient number density to be ^0.4 cm~ 3 for 
z = 100 pc (corresponding to a distance of 2 kpc) and 
~0.03 cm~ 3 for z = 500 pc (distance of 10 kpc). The 
midpoint distance of 5 kpc yields an expected ambient 
density of ~0.1 cm~ 3 that is in good agreement with our 
X-ray measurements. 

The central region of G299.2— 2.9 shows faint diffuse 
emission with strong line emission from Si, S, and Fe. 
This central region is most likely metal-rich stellar ejecta 
heated by the reverse shock. The ejecta are enriched in 
Si and Fe, while showing no evidence for enhancement 
in the light elements O and Ne. The inferred mass of Si 
in the ejecta is roughly half that of the Fe ejecta. This 
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Fe and Si species, however, cannot be determined with 
the current data. Deeper X-ray observations, covering 
the entire SNR, would allow a more detailed study of this 
rare Galactic example of a middle-aged Type la SNR 2 . 

We have used the X-ray temperatures, sizes, and den- 
sity measurements to estimate the age and explosion en- 
ergy of the originating SN under the assumption that the 
SNR is currently in the Sedov phase of evolution. This 
calculation was carried out separately for both the faint 
and bright portions of the shell, which provided consis- 
tent values. G299.2-2.9 is middle-aged (r ~ 4500 yr) 
with a supernova explosion energy of Eq ~ 1.6 x 10 50 
ergs, if the SNR is located at the midpoint value (5 kpc) 
of our plausible range of distances. This value for the ex- 
plosion energy is rather low - most SN explosion models 
predict 10 51 ergs in the kinetic energy of the ejecta. If 



G299.2— 2.9 were as distant as 10 kpc, then the explosion 
energy would increase to a more reasonable value of Eq 
~ 9 x 10 50 (and the age would become —9000 yr). How- 
ever, at this distance, there would be poorer agreement 
between the X-ray-infcrrcd ambient medium density (no 
~ 0.07 cm -3 ) and the expected value of —0.03 cm~ 3 (see 
preceding paragraph). Given the current state of knowl- 
edge, the situation is inconclusive. A strong constraint on 
the distance to G299.2— 2.9 is going to be required before 
concluding that the originating SN was sub-energetic. 



The authors thank K. Borkowski for providing us the 
updated NEI models. This work was supported in part 
by SAO under Chandra grant SV4- 74018. POS acknowl- 
edges support from NASA contract NAS8-39073. 



2 While completing this work, we became aware of an indepen- 
dent study by L. Pittroff et al. on the XMM-Newton observations 
of this same SNR. The main conclusions reached here appear con- 



sistent with their preliminary results. 
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G299.2-2.9 



TABLE 1 

Best-fit Parameters from the Spectral Model Fit of the Shell Regions of 

G299.2-2.9 



Region 




fcT a 




EM a 


V h 


X 2 /" 




(10 21 cm- 2 ) 


(kcV) 


(10 11 cm- 3 s) 


(10 56 cm- 3 ) 


(10 55 cm 3 ) 


1 




n 54+ 013 


1 42+ 1 - 20 


1 rn+ 108 

± - UJ -0.30 


45.6 


61.3/54 


2 




34+ 08 


q 1 Q + 6.21 

24 


6 09+ 6 00 
D - u9 -3.03 


10.4 


78.7/58 


3 


4 6+°' 7 


U -J°_0.06 


c- t-q+16.50 


p. «4+ 5 - 85 


0.3 


62.2/61 


4 


9 c+0.6 
z -°-0.6 


0.68l°;°? 


84+ ' 57 
u -°^-0.30 


0.70l°;f 2 


24.1 


54.0/58 


5 


4 2+°' 6 


0.36lg;°? 


> 5.27 


6.00± 4 ;f 7 


0.8 


56.0/62 


6 


o c + 0.8 
—0.7 


0.56+°'°? 

— 0.07 


— 0.59 


1.63+ ,- 83 


8.7 


59.2/63 


7 


o 7 +0.7 


n 4n+°- 08 

u - 4u -0.06 


2 oo +1 - 40 

^• uu -0.75 


q 91 +2.42 
°- z± -1.39 


8.7 


77.8/57 


8 


o c+0.7 
d ' -0.5 


rq+0.03 


Q QQ + 3.82 

°-°°-2.74 


1 47+0.46 


12.2 


77.8/66 


9 


O 1+0.6 

^•■■-o.e 


7i+ - 10 

u -' 1 -0.09 


ri 7Q+0.55 
u - ' -0.29 


64+ 28 


7.2 


64.1/57 


10 


o q+0.8 


52+ - 05 
u - JZ -0.06 


2 51+ 1 10 
z - J1 -0.93 


1 qn+0.62 
x - oa -0.32 


6.3 


60.5/60 


11 


O 1+0.5 

• 3 - i -0.4 


n 5s +0 - 03 

u - o5 -0.02 


14.60+1" 


1 qf-+0.20 


11.1 


78.6/66 


12 


i 7 +0.7 


o 56+ 04 

U - 00 -0.07 


4-5311-.S 


0-68to.n 


19.3 


80.4/58 


13 


2 4+°' 4 


64+ 03 


4.5ltl;« 


1 07+°' 14 
1 - u '-o.io 


13.4 


77.0/70 


14 


n Q+0.6 
Z - y -0.5 


57+ 02 
u -°'-0.03 


- ,,-+2.39 
' - Jd -2.06 


1 qfl+ - 25 
1 - c>o -0.18 


12.3 


100.3/68 


15 


O q+0.7 

°-°-0.6 


n 57 +0.03 
u - ' -0.05 


5 qq+3.05 


i ic+0.33 
± - lo -0.19 


14.3 


63.4/62 


16 


3 6+ 05 


n cq+0.07 
U - Dcl -0.06 


1 67+ ' 79 
1 -°'-0.57 


2.80l° ;K 


32.4 


113.8/67 


17 


q 1+0.8 


0.88tg;S 


54+ - 49 
u -° -0.21 


, 97 +0.68 
± - zl -0.38 


205.4 


42.6/55 



a The errors are estimated with the elemental abundances fixed at the best-fit values. The 
fitted mean abundances are O = 0.63±0.28, Nc = 0.65±0.22, Mg = 0.54±0.19, Si = 0.67±0.27, 
and Fe = 0.66±0.28. 

b Emission volume (assuming d = 5 kpc) used to calculate the density for each region. 



TABLE 2 

Best-fit Parameters from the Spectral Model Fit of the Central Nebula of G299.2-2.9 



(10 21 cm" 2 ) 


fcT a 
(kcV) 


n e i a 
(10 11 cm" 3 s) 


EM 3 - 
(10 56 cm- 3 ) 


Si b 


S b 


Fe b 


X 2 /" 


q 7 +0.3 


1 -" JD -0.13 


1O + 0.03 

u - lo -0.03 


u - zd -0.06 


7 nc + 1-84 
'• zo -1.42 


19.59l 6 5 ; 6 3 ? 


'■'^-1.79 


85.6/60 



a The errors are estimated with the elemental abundances fixed at the best-fit values. 

b The best-fit abundances with respect to the solar. The fitted abundances for other elements (O, Ne, and 
Mg) are low (<0.6) and have been fixed before estimating the Icr uncertainties for Si, S, and Fe. 
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TABLE 3 
SNR Parameters of G299.2-2.9 



Parameter 


Bright Shell 


Faint Rim Entire SNR a 


kT (keV) 


0.52±0.04 b 


0.67±0.04 c 


R (ds pc) 

i 


7.2 


9.2 



"0 (/ 



E (d B 2 /-3 10 
Age (ds yr) 



" 3 ) 
cm -3 ) 
50 



ergs) 

M swopt (/4 dj M e ) 



1.58±0.16 

0.33±0.03 

1.71±0.22 
4200±170 

12.8±1.3 



0.50±0.06 

O.lliO.Ol 

1.55±0.20 
4700±140 

8.8±1.0 



1.63±0.21 
4500±160 

10.8±1.1 



Note. — 1<t uncertainties are quoted. 
a Mean values of the two assumed cases. 

b On average based on the spectral fits from the bright shell (i.e., 
regions 2, 6—7, 10, 13—14, and 16). The brightest northeastern knots 
(regions 3 and 5) arc excluded. 

c On average based on the spectral fits from the faint outer boundary 
(i.e., regions 1, 4, 12, and 17). 



G299.2-2.9 




Fig. 1.— Three-color image of G299.2-2.9: Red is 0.4 - 0.9 keV, green is 0.9 - 1.4 keV, and blue is 1.4 - 3.0 keV. Each subband 
has been corrected for the exposure and the detector efficiency. The images have been binned by 4 pixels for the purpose of display. 
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Fig. 2.— The archival ROSAT HRI image of G299.2-2.9 (taken from the SkyView service by the HEASARC), showing the SNR in its 
entirety. 



G299.2-2.9 
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Fig. 3. — The full-resolution (CK'5) broadband ACIS image of the region around the brightest knots in the northeastern shell. Darker 
grey-scales correspond to higher intensities. 




Fig. 4.— The combined image of Fe (0.75 - 0.95 keV) and Si (1.75 - 1.95 kcV) lines of G299.2-2.9. The image has been binned into 
6x6 pixels and then smoothed with a Gaussian (cr = 3 pixels) for the purposes of display. In order to emphasize the faint central ejecta 
nebula, the bright shell regions are saturated in dark grey-scales. 
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Fig. 5. — The gray-scale broad band (0.4 — 3.0 keV) image of G299.2— 2.9 from the Chandra/ ACIS observation. The image has been 
binned with 2 pixels and then smoothed by a Gaussian (cr = 5 pixels) for the purposes of display. The small regions used for the spectral 
analysis (Table 1) are marked with solid boxes and circles. The thick dashed ellipse schematically indicates the faint diffuse central emission 
feature enriched in Si and Fe. The pointing direction is marked with a cross, just outside of the brightest knot (region 3) on the S3 chip. 
The background was estimated with emission from the thin dashed regions. 
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Fig. 6. — The regional ACIS spectra of G299.2— 2.9. Four representative spectra from the shocked ISM regions. Panels (a), (b), (c), and 
(d) correspond to regions 1, 2, 3, and 4 in Fig. 5, respectively. The best-fit planar shock model is overlaid in each panel. The lower plot in 
each panel is the residuals from the best-fit model. 
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Fig. 7. — The spectrum of G299.2— 2.9 from the center region. The dotted line is the model for the contribution from the projected 
shocked ISM component, and the thin solid line is the central ejecta component. The best-fit model (ejecta + ISM) is overlaid with the 
thick solid line. The lower plot is the residuals from the best-fit model. 
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Fig. 8.— The gray-scale ROSAT HRI image of G299.2-2.9, overlaid with the IRAS 100 /im contours. The IRAS 100 (im image was 
taken from the Sky View services provided by the HEASARC. The Galactic plane is toward the north. 
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kT (keV) 

Fig. 9. — kT vs. no distribution from the best-fit spectral models of the regional spectra of G299.2— 2.9, taken from the regions marked 
in Fig. 5. no is calculated from the best-fit EM from each regional spectral fit as described in the text. 17 regions (out of the total 21) 
showing normal abundances are presented. The errors are estimated with the elemental abundances fixed at the best-fit values. 
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Fig. 10. — A schematic "edge-on" view of G299.2-2.9. 



